state, the time constant for the loss of intracellular radioactive (free) choline, guanidine, and cesium was of the same order of magnitude as that for labeled sodium or potassium ions. Choline ion was found to bind rapidly with the constituents of the axon. In sea water containing labeled choline, there was accumulation of radioactivity by the axon. On repetitive stimulation, guanidine and cesium efflux was markedly increased; the choline efflux was slightly increased. I N THE GIANT AXON OF THE SQUID, it is relatively easy to inject various isotopic tracers directly into the axoplasm and to follow their flux into the surrounding fluid medium.
Using this method, movement of various radioactive inorganic ions across the squid axon membrane was investigated by Hodgkin and Keynes (I, 2) and by Tasaki, Teorell, and Spyropoulos (3) , In order to secure additional information as to the physicochemical nature of the excitable membrane, it seemed to us desirable to investigate the permeability of the axonal membrane to a variety of ions and neutral molecules which do not normally exist in the axon or in the sea water, or may exist at extremely low concentrations. In the present investigation, we are concerned with the movement of C14-labeled choline, guanidine, thiourea, urea, sucrose, starch and Cs134 across the squid axon membrane under various experimental conditions. In most of the experiments, the axons were transferred after injection into a paraffin chamber radiotracer was determined.
METHODS

Material
in which the efflux of the
The main compartment of the paraffin chamber was 20 mm long and had a capacity of approximately 0.5 cc. There was a narrow groove on each end of the main compartment, where the uninjected portion of the axon was introduced.
A pair of platinum electrodes making contact with one of the terminal portions of the axon in the groove was used to stimulate the axon and another pair near the other end of the axon was used to record propagated impulses. The uninjected portions of the axons in the grooves were covered with Vaseline. A Grass stimulator (with a stimulus isolation unit) and a Tektronix oscilloscope were used for monitoring action potentials. The injected portion of the axon in the main compartment was immersed, as a rule, in normal sea water. In the present series of experiments, tracer influxes were investigated only with radioactive choline ions; the technique employed will be described under RESULTS. All experiments were carried out at room temperature (2 1-23 C).
Radioactive tracers. appears to have very low permeability to molecules of the size of sucrose; therefore, the efflux of the tracers in the bound form is likely to be very slow. The justification of assumption 3 derives from the situation that .the reaction which depends on the square of the concentration of the tracer can not proceed because of the extremely low level of the intracellular tracer concentration.
This assumption may, with some compounds, be only a poor approximation (e.g., choline).
Let CT and CE denote the concentration of the free and bound forms of the tracer in the axoplasm, respectively. The total concentration (CT + CE) decreases with time as the result of transport across the membrane. was found to be of the order of 15 hr. The time constant of no = An, + An, -j-An3 + 9 l l + n, (6) where n, is the amount found in the axon at the end of the experiment.
Insofar as one collection period, At, is much shorter than the over-all time constant, I/ (p + k), the time derivative of ,<c: + C;r> can be replaced with An/At.
Thus we have
The determination of the two rate constants p and k from the measurement of Ani is straightforward. We plot Ani against time on a semilogarithmic scale; the slope of the straight line corresponds to (p + k). The value of p can be determined from the efflux measurement at the beginning: p = An&,At). When the rate constant for chemical combination k is far smaller than p, the slope of the straight line should give the same value as that determined from the initial flux. When the axon was stimulated at a frequency of 50-150 shocks/set, there was an increase in the efflux of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] % above the level which would be expected if no stimuli were delivered (Fig. I, upper) . This finding does not necessarily indicate that the permeability to this ion species is altered on .ly slightly during activity. Because of the great rapidity of chemical binding, it is possible that our measurement of the efflux is not determined by the membrane permeability.
There is also a possibility that the rate of chemical binding is accelerated by repetitive stimulation. The possibility that the radioactive material found in the sea water is not choline itself cannot be excluded in the experiment above; however, the following (into replace the sodium ion in the medium w ,ith choline when a reduction in the sodium concentra tion is desired. Therefore, it seemed interesting to investigate the process of uptake of U4-labeled choline by the axon from the surrounding medium. The uptake of the radioactive choline was studied in the following manner. Approximately 40 mm long axons were meticulously cleaned. About 20 min after cleaning, the axons were examined under dark-field illumination.
The axons with clean, uniform appearance were then transferred into sea water containing radioactive choline. The radioactivity of the medium ranged from 6,000 to 40,000 count/min/mm3 of sea water. After various incubation times, which varied between 15 and 80 min, the axons were transferred into a large volume of normal sea water and the diffusible radioactive choline outside the axon was removed by changi ng the sea water several times. After a period of 40-60 min in normal sea water, single electric shocks were delivered to the axons to test conduction.
About 20 mm long middle portions of those axons which were capable of carrying impulses were then transferred into planchets and their radioactivity was determined by the procedure described under METHODS. The results obtained are presented in the lower diagram of Fig. I 3) . It was shown previously that the efflux of Na* (which was 0.3-0.5 %/min in axons immersed in normal sea water) was roughly doubled when the external sodium was replaced with choline. Such a replacement did not affect the movement of intracellular labeled potassium appreciably.
On account of the tendency of choline ions to combine with some normal constituents of the axon, the concentration of free choline ions in the axoplasm of a normal axon is expected to be very low. When the sodium ions in the normal sea water are replaced with choline, we expect a rapid uptake of choline ion by the axon. In the axons carrying no net current thro ugh the membrane, this movement of positively cha rged choline ions should be associated with either outward movement of some other cations or inward movement of anions. Since there is no sodium in the medium in this case, the movement of the intracellular sodium can be traced faithfully by the labeled sodium injected into the axon. activity, as determined from the ratio of the radioactivity in the axon to the efflux, was found to be between 4 and 15 hr. This range coincides with that for the efflux of Na* and K*. The wide variation in the time constant appears to be at least partly attributable to the tendencv of the of guanidine. axon to fire repetitively under the action When the measurable radioactivity introduced into the axon was ~0,000 to 30,000 count/min there was usually no spontaneous discharge of impulses as long as the axon was kept in normal sea water. Following high-frequency stimulation of such an axon, it was seen, on several occasions, that the axon kept on firing impulses repetitively after withdrawal of external stimulation. On a few occasions, spontaneous firing started immediately after injection of guanidine. Spontaneous discharge of impulses could be readily suppressed by a slight increase in the calcium content of the surrounding fluid medium.
The effect of repetitive stimulation was examined on five axons. As in the case of radioactive sodium and potassium ions, the efflux of radioactive guanidine was markedly increased by repetitive stimulation. At a frequency of 50 impuIses/sec the efflux increased by a factor of 2 to 8 (Fig;. 2) . On account of the wide variation in the efflux a&est, no extensive effort was made to determine the frequency dependence of the efflux. Spontaneous discharges of impulses were also accompanied by a marked increase in the efllux.
An increase in the potassium content of the surrounding sea water from the normal value (g mM) to I I o mM was found to increase the efflux by a factor of 2-3 (observation on two axons). An increase in the calcium content in the medium was found to decrease the resting efflux (three axons These two tracers, when injected intracellularly, came out of the axon at a time constant of 30-90 min. (The time constant for labeled thiourea was slightly shorter than that for labeled urea; but the difference observed may not be significant.) Fig. 3 shows an example obtained with radioactive thiourea. The efflux is seen to obey a simple exponentia,l law. The ratio of the efflux to the intracellular radioactivity (METHODS) remained approximately constant during the experiment, indicating that the bulk of intracellular tracer molecules remain freely diffusible during this period. The irregularity seen in the figure can partly be attributed to the experimental procedures designed to influence the fluxes.
The effect of high-frequency stimulation was investigated on six axons (three for thiourea and three for urea). In some instances repetitive stimulation seemed to have influenced the efllux slightly; *but in general the effect was completely absent. The effect of potassium depolarization upon the efflux was equally dubious. Sucrose and starch. By injection of C14-labeled sucrose or starch, it was possible to obtain an intracellular radioactivity of the order of IO,OOO count/min, or more. The efflux observed in a soaking period of 5 min was always close to the background activity of the counting machine (I 5-30 count/min). Because of this low radioactivity of the samples measured, there was considerable inaccuracy in our determination of the time constant for the loss of these tracers. The present es-timation of the time constant is 50-150 hr for labeled sucrose and hr for labeled starch. Because of the existence of cut branches on the surface of the axons, the value for the uniform intact portion of the membrane could be larger than the observed value. Such may also be the case for the determination of anionic effluxes (3) Recent experiments in our laboratory (IO) on Nitella appear to be consistent with this conclusion.
Effluxes of radioactive K, Cs, Rb, and guanidine were fractionated during the action potential. The time course of efflux of these isotopes roughly paralleled the time course of the impedance changes; whatever difference we could detect between these tracers appeared to be quantitative. The implication of our finding, showing accumulation of choline ion by the axon, was.discussed under RESULTS. Finally, a brief discussion will be made of the relationship between the flux of a radiotracer and the flux of its nonradioactive analogue. When a biological system, such as a squid axon, is in a state not far from a stationary (but nonequilibrium) state, the flux of the nonradioactive component, J, can be described by J = P(C$ -f: C,). Since P and f can be regarded as being common for the two isotopic species (cf. 5), it is possible to determine J if C;, C,, P, and 4' are known accurately enough.
If we assume that the chemical species under study is not a metabolite in the sense discussed elsewhere (5), and if the system is in a stationary state, then J = o. In a special case where 4 = I, the flux equation becomes J = P(Ca -C,) which is nothing more than Fick's law. Although the flux J can be expressed as the difference between P C; (which is sometimes called efflux) and P C, (influx), this division of J into two terms has to be regarded as a mere mathematical trick to calculate J. (Note that we distinguish J* from J.)
